ABSTRACT: Dispersion of planktonic propagules connects shoreline populations of many marine species, and considerable effort has been directed at understanding this process. However, gaps in knowledge persist. In particular, relatively little information is available regarding transport over the innermost portions of the continental shelf. We quantified velocity in nearshore waters at 5 sites along the California coast and investigated flow patterns relevant for dispersing larvae and algal spores. Mean depth-averaged alongshore velocities increased with distance from shore at all sites. This repeated and consistent 'coastal boundary layer' (CBL) pattern exhibits a logarithmic profile that resembles that associated with the 'law of the wall' of smaller-scale turbulent boundary layers, despite differences in spatial dimension and governing physics. A tentative scaling of dominant terms in an alongshore momentum balance suggests nontrivial levels of lateral stress, but small cross-shore gradients in this quantity. Such a trend of near-constant lateral stress, when combined with simple representations of horizontal mixing (i.e. eddy viscosity parameterizations) that increase approximately linearly with distance from shore, provides a possible explanation for the observed logarithmic velocity pattern. Incorporating these cross-shore gradients in alongshore velocity and cross-shore mixing in a 2-dimensional particle-tracking simulation leads to a decrease in mean alongshore transport of larvae and an increase in the variance in dispersal distance. Most notably, the CBL is predicted to dramatically increase self-replenishment.
INTRODUCTION
The coastal zone operates as a physical and biological interface between shoreline environments and waters offshore. It is within this region that most algal spores and larvae of benthic invertebrates and fish start and end their lives, nutrients are delivered to ecologically and economically important coastal ecosystems, and the bulk of anthropogenic inputs originate. Yet the oceanography of this region -especially the area beyond the surf zone but within a few kilometers of shore -is relatively poorly de scribed. The resultant knowledge gap hinders progress in understanding flow-driven movement of organisms and other waterborne constituents, and inhibits research on associated population and community processes (Largier 2002) .
The subject of propagule dispersal, including the transport of larval fish and invertebrates as well as algal spores, has attracted the attention of marine sci-entists for decades. As early as the middle of the last century, biologists recognized the role of larval delivery in driving patterns of population variability (Thorson 1946) . The concept of supply-side ecology (Lewin 1986 ) yielded greater appreciation for the influence of oceanographic processes on larval recruitment and population dynamics (Gaines et al. 1985 , Roughgarden et al. 1988 . Ensuing work addressed the capacity for ocean currents to contribute to the establishment of species range limits and biogeographic pattern (Cowen 1985 , Gaylord & Gaines 2000 . Research on the degree to which populations are self-seeding continues (Caley et al. 1996 , Levin 2006 , with considerable effort directed at quantifying population connectivity via oceanographic transport (Siegel et al. 2003 .
In recent years, impetus has developed for understanding localized physical processes that affect transport close to shore. Rationale for this interest derives from increasing evidence, based on a variety of techniques (e.g. Hellberg et al. 2002 , Thorrold et al. 2007 , Jones et al. 2009 ), that self-recruitment of coastal populations can be appreciable, and that dispersal distances are often shorter than expected based on an organism's pelagic larval duration (Swearer et al. 2002 , Palumbi 2004 , Shanks 2009 ). Moreover, regions within a few kilometers from shore often have the highest abundance of larvae (Borges et al. 2007 , Morgan et al. 2009 , Shanks & Shearman 2009 . It is also recognized that dispersal in taxa like canopy-forming kelps, whose released spores remain viable in the water column for only a few days, is driven largely by nearshore flows (Gaylord et al. 2002 (Gaylord et al. , 2006 . In some cases, explicit oceanographic mechanisms for the local retention of propagules have been identified, and these mechanisms are believed to enhance the return of larvae and spores to their natal site (e.g. island wakes, Swearer et al. 1999 ; headland wakes, Graham & Largier 1997 ; embayments and other features, Wolan ski 1992). Even in systems where agents of retention have not been conclusively demonstrated (Jones et al. 2005 , Becker et al. 2007 , the potential for reduced scales of dispersal is receiving greater consideration. Acquisition of information regarding the coastal physical environment therefore represents an important next step towards understanding propagule transport and population connectivity (Cowen & Sponaugle 2009 ). Such information critically augments analogous data regarding larval behavior, which also plays a crucial role (Leis 2006 , Morgan & Fisher 2010 .
Foreshadowed by work on island and headland wakes, an obvious, yet relatively unexplored place to look for physical mechanisms of reduced scales of dispersal is in the interaction of coastal flows with shoreline topography and bathymetry. As coastal currents transit along the continental shelf, frictional forces slow transport, producing a 'coastal boundary layer' (CBL), a feature first described in the Great Lakes (Csanady 1972). Although not always termed a CBL, this decreased alongshore transport has since been quantified along sections of the east coast of the United States (Churchill 1985 , Lentz et al. 1999 ) and along coasts of Australia (Wolanski 1992) , as well as along the California margin (Hamilton et al. 2006) . However, most measurements in this latter region have been confined to areas beyond the 30 m isobath (Lentz & Winant 1986 , Lentz 1994 , missing inshore waters that may be critical for the dispersal of larvae and algal spores released into nearshore waters.
Zones of flow attenuation associated with the coastal boundary layer, while originating ultimately from increased bottom drag, are likely to also be influenced by bathymetry, shoreline topography, development of lateral shear, wave breaking and wave−current interactions, stratification and buoyancy flows, as well as the interplay of surface and bottom boundary layers which overlap in shallow water. Many of the above fluid dynamic processes are themselves the subject of study by the physical oceanographic community. Ongoing work includes refining estimates of nearshore mixing and dispersion (Clarke et al. 2007 , Drake & Edwards 2009 , Ohlmann & Mitarai 2010 , dissecting how winds and waves drive inner-shelf circulation (Fewings et al. 2008 , Lentz & Fewings 2012 , and quantifying drift and rip dynamics within the surf zone (Spydell et al. 2009 , MacMahan et al. 2010 . The complexity of this region is substantial, however, and progress towards a general understanding of coastal transport remains challenging. Even in highly resolved circulation models used to estimate patterns of larval connectivity (e.g. Mitarai et al. 2009 ), the finest scales of physical forcing are often not incorporated. Regional Ocean Modeling System (ROMS) analyses, for example, employ cells that are typically 600 m or more on a side and do not completely reach the shoreline (e.g. Rasmussen et al. 2009 , Watson et al. 2010 ). Individual-based ecological models that integrate with circulation models (e.g. Gawarkiewicz et al. 2007 , Werner et al. 2007 ) operate with similar limitations. Widely employed experimental techniques, such as high-frequency radar mapping of surface currents, likewise extend to within only 1 to 2 km of shore (Paduan & Rosenfeld 1996 , Kaplan & Largier 2006 . These spatial constraints significantly diminish the ability of scientists to predict dispersal patterns in taxa for which adult habitat is along the shoreline. Considerable advantages could therefore accrue from simple but robust parameterization schemes suitable for describing transport in the immediate vicinity of the coast.
Here we investigate general characteristics of nearshore currents and their potential to affect dispersal of propagules and other suspended materials. We focus on CBLs at multiple sites along the California coast, spanning a wide range of shoreline topographies and bathymetry. We describe a remarkably repeatable pattern in current velocity, discuss possible causes for this pattern, and present a first-order scaling analysis that points to a set of driving mechanisms consistent with observations. Lastly, we ex plore some implications of the CBL for propagule dispersal and marine population connectivity.
MATERIALS AND METHODS

Physical setting
Inner shelf currents were characterized at 5 sites along the California coast, spanning a range of bathymetric slopes and degree of shoreline sinuosity (Fig. 1, Table 1 ). Two sites are located within the Southern California Bight: Huntington Beach (33°37' 36" N, 117°59' 13" W) is an open-coast site characterized by a gently sloping sandy beach and wide shelf (Hamilton et al. 2006) , and Mohawk (34°23' 29" N, 119°43' 39" W) is a low-lying reef surrounded by sand within the Santa Barbara Channel (Gaylord et al. 2007) . Within the Southern California Bight, upwelling is weak and intermittent (Winant & Dorman 1997) , and inner shelf circulation is influenced by meso-scale eddies in some areas (Bassin et al. 2005) . Three other sites are located farther north. Hopkins (36°37' 19" N, 121°53' 55" W) is a rocky reef in southern Monterey Bay, surrounded by sand with the steepest slope and the most complex shoreline of the 5 sites, and with Cabrillo Point located a few hundred meters to the west. Pajaro (36°51' 37" N, 121°49' 21" W) is a gently sloping, straight sandy beach situated 1 km north of a river of the same name 
Current velocity measurements
Water velocity was measured at each site using a transect of 4 to 5 bottom-mounted acoustic Doppler current profilers (ADCPs; RD Instruments 600 kHz, 1200 kHz; Nortek AWAC 1000 KHz) deployed in a cross-shore transect spanning 5 to 35 m depths and extending 190 to 5790 m from shore, depending on the bathymetric slope. The innermost instrument on each transect was placed 100 to 200 m beyond the surf zone, to exclude any significant effects due to wave-driven currents. All measurements were made in late spring or summer (Table 1) . Deployments varied in duration from 1 wk to 3 mo. For sites near kelp forests, ADCPs were typically located hundreds of meters away from the kelp beds, and all reef structures and even isolated kelp individuals were always >10 m from the instruments. Measurements at Huntington Beach were obtained as part of a prior study (Noble & Xu 2004 , Hamilton et al. 2006 .
The ADCPs collected 1 to 3 min bursts of 0.75 Hz velocity data every 2 or 3 min in vertical bins that typically extended from ~1.5 m above the bottom tõ 1.5 m below the surface. Instruments deployed in ≤15 m water depth recorded in 0.5 m vertical bins, and those deployed in water depth >15 m recorded in 1 m vertical bins. Exceptions from these protocols optimized tradeoffs in ADCP performance among vertical resolution, temporal resolution, depth range, and velocity estimate variance (Table 2 ). For shallower deployments, small vertical bins were necessary to resolve finer vertical velocity structure, whereas for deeper deployments where spatial gradients were gentler, larger bins increased the vertical extent of measurements and reduced noise. In the case of Huntington Beach, ADCP sampling methodology differed due to the distinct sampling goals of the prior study (Table 2 ). These differences have limited bearing on interpretations of this study, which are based on depth-and time-averaged velocities.
To quantify general patterns of the measured CBL circulation, the raw-velocity time series were depthaveraged and rotated onto their principal axes, which were determined from the low-pass filtered time series with a 33 h cutoff to remove dominant tidal motions (Rosenfeld 1983) . In all cases, the major principal axis aligned roughly parallel to shore, defining the orientation of alongshore velocity (U; see Table 3 for list of symbols). These depth-averaged velocities from each site were then further averaged over weekly durations to provide a focal data set relevant for considering transport of algal spores or larvae with relatively short pelagic larval durations, or for evaluating impacts on initial phases of transport in species with longer-dispersing larvae. In these more detailed analyses, core statistics were determined over the first week at each site for which complete records were available at all stations (Table 1) . At Mohawk, the velocity record was 6 d long and velocities were averaged over the deployment duration.
RESULTS
Field observations
Depth-averaged currents were polarized in the alongshore direction at all stations, causing flows to be oriented predominantly parallel to the coast (Fig. 2, generally exceeded cross-shore magnitudes by a factor of 10, a pattern seen elsewhere in nearshore velocity records (e.g. Gaylord et al. 2007 ). Most importantly, weekly averaged alongshore current speeds were consistently slower at shallower stations nearer the coast (Fig. 3 , Table 4 Table 4 ). The increase in depth-averaged alongshore velocity with distance from shore closely followed a logarithmic pattern in most cases (Fig. 4) . Logarithmic profiles at Mohawk, Terrace Point, and Huntington Beach fit the depth-and time-averaged field data strikingly well (Fig. 4A ,D,E). At Hopkins, the logarithmic model did not hold, but the general trend of increasing velocity with distance was reproduced ( Fig. 4C ). At Pajaro, the velocity gradient was relatively poorly defined due to how data points were clustered; however, a logarithmic relationship between velocity and distance from shore fit better than a linear relationship ( Fig. 4B ; r 2 = 0.85 versus 0.74).
The coastal boundary layer profile
A logarithmic flow pattern in the CBL is reminiscent of velocity profiles in small-scale turbulent boundary layers governed by the universal 'law of the wall' (Schlicting 1979) . In the law-of-the-wall model, velocities parallel to a boundary increase logarithmically with distance from that boundary according to:
(1) where along-wall velocity u is normalized by the friction velocity u * = (where τ 0 is the wall shear stress and ρ is the mass density of the fluid), the distance from the wall z is normalized by a roughness para meter z 0 , and von Karman's constant κ is set to 0.4. The parameters underlying the law of the wall do not apply directly to the CBL where different physi- . Stations within a site are listed by distance from shore and depth in m cal processes are active and scales of motion are orders of magnitude larger than for turbulence. On the other hand, the law of the wall formulation provides a convenient mathematical shorthand for representing the CBL structure. Using Eq. (1) as an analogy, cross-shore profiles of depth-averaged along shore velocity can be plotted for each site as a function of distance from shore (y) according to the expression: (2) where U is the depth-and time-averaged alongshore component of velocity, and U *CBL and y 0 represent CBL-scale analogs of the friction velocity and roughness parameters, respectively. These latter 2 parameters can be calculated for each site from the slope (m) and intercept (b) of the linear regression of depth-and time-averaged alongshore velocity (U ) plotted against the natural logarithm of distance from shore (y):
Normalizing the velocity and distance data by sitespecific U *CBL and y 0 values, respectively, and assembling these data across sites, reveals a remarkably consistent trend. Plots of alongshore velocity, U, versus the natural logarithm of distance from shore, y, from all sites collapse to a single straight line (Fig. 5) . This apparently general relationship holds in spite of appreciable bathymetric and topographic differences among sites.
Across the 5 sites, values of U *CBL ranged from 0.014 to 0.037 m s −1 , and values of y 0 ranged from 150 to 510 m. As might be expected, these CBL parameter values differed in character from friction veloc- ities and roughness heights measured in small-scale benthic boundary layers. For example, values of U *CBL were 17 to 35% of the velocity farthest from the shore (taken as the free-stream velocity), whereas values of u * measured in benthic boundary layers are typically only 5 to 10% of the free-stream velocity (Grant & Madsen 1986 , Denny 1988 . These differences suggest that a greater relative 'wall' drag is imposed by the complex and shoaling boundary in the CBL. In addition, values of y 0 were 2 to 4 orders of magnitude larger than roughness lengths characterizing benthic boundary layers, consistent with the larger scales of the CBL and the topographic irregularity of the shoreline, as well as the cross-shore scale of the wave-dominated surf zone.
Consistency of the CBL profile through time
A logarithmic trend to the CBL was particularly apparent during periods of slowly varying (i.e. quasisteady) alongshore flow. By contrast, this pattern degenerated periodically during current reversals or marked changes in the large-scale flow (Fig. 6A-C) . Considering a sequence of 1 wk averaging periods shifted forward in 1 d steps, a logarithmic pattern was present during all 14 of the averaging periods at Terrace Point (Fig. 6C) , during 65% of the 80 averaging periods at Huntington Beach (Fig. 6A) , and during 60% of the 13 averaging periods at Hopkins (Fig. 6B) . The temporal consistency of the CBL pattern could not be determined at Mohawk and Pajaro due to shorter records or data gaps.
Although the logarithmic pattern persisted for weeks at a site, values of U *CBL and y 0 at each site were not constant through time. Variation in these parameters was most pronounced at Huntington Beach (Fig. 6D,G) , partly due to the diversity of flow conditions encountered over the longer deployment, as well as more pronounced reversals in the large-scale flow. However, at times when flow was quasi-steady 
DISCUSSION
Bottom drag
The above observations demonstrate that depthaveraged alongshore currents near the coast exhibit a repeatable pattern analogous to the 'law of the wall' of small-scale boundary layers. The general trend of slower velocities nearer the shore is itself not surprising, emerging as an accompaniment to the increased importance of bottom drag in a shallower water column. On the other hand, the geometry of the CBL (shoaling bottom) differs significantly from that characterizing a 1-dimensional wall-bounded flow, making the logarithmic relationship of Fig. 5 less than intuitive. Below we demonstrate that while bottom friction can yield a logarithmic pattern in flow, it does not by itself explain this feature of the CBL.
The seabed within the CBL slopes upward to the shore such that a clear coastal 'wall' cannot be identified. Instead, friction is manifested through a distributed drag imposed over a region of finite crossshore extent. Within this region, bottom drag is expected to establish a vertically oriented bottom boundary layer at each cross-shore position, as described by Eq. (1) (e.g. Grant & Madsen 1986 , Eckman 1990 , Gaylord et al. 2006 . As this bottom boundary layer encompasses more of the water column in shallower depths, depth-averaged velocities are reduced closer to shore. Estimates of depth-averaged velocities, U calc , at given distances from shore, y, can be found by integrating Eq. (1) and dividing the result by the total water column depth, h: Note the collapse of all data to a single straight relationship when graphed as a semi-log plot. On the abscissa, distance from shore y is normalized by a coastal boundary layer (CBL)-scale horizontal roughness parameter, y 0 . On the ordinate, depth-averaged alongshore velocity, U, is normalized by a CBL-scale friction velocity, U *CBL . These 2 parameters were determined using Eq. (2) where h = y tan α and α is the bathymetric slope. Completing this mathematical operation yields (see Appendix 1):
In coastal waters where y >> z 0 this expression approaches a logarithmic form in the y-dimension, indicating that a logarithmic bottom boundary layer (i.e. in the z-direction) acting over a linearly sloping seabed can indeed produce a near-logarithmic crossshore profile in depth-averaged alongshore flow. Critically, however, values of bottom roughness (z 0 ) that would be required to reproduce the observed CBL gradient (i.e. U calc [y] ) are too large to be physically reasonable. For example, at Mohawk, a value of z 0 = 3.0 m would be required to fit Eq. (5) to the field data. Such roughness levels exceed typical values of z 0 by over an order of magnitude, even when considering events of high bottom stress and accounting for wave-current interaction (Wiberg et al. 1994) . Conducting the opposite analysis reveals an analogous mismatch. Predicting a CBL from Eq. (5) yields profiles with unrealistically weak velocity gradients (Fig. 7A) . Similar or greater discrepancies were found for all sites. We can further explore this idea by using different descriptions for vertical mixing. Implicit to Eqs. (1), (4), & (5) is the assumption that vertical mixing can be approximated by a linear 'eddy viscosity' (Grant & Madsen 1986 ), defined as K z = κu * z, where K z is related to shear stress (τ) and the vertical velocity gradient by:
An alternative form for eddy viscosity that is often employed in marine systems is (Eckman 1990 , Gaylord et al. 2006 ):
Integrating Eq. (6) numerically using this latter form for K z , together with reasonable values for τ 0 (0.1 Pa) and z 0 (0.1 m), again reveals that bottom stress alone cannot explain the observed CBL profile (Fig. 7B) . Regardless of the model of vertical mixing, and for all sites, the cross-shore CBL velocity gradients predicted solely by bottom boundary layer effects are much weaker than those observed in the field.
Contributions from other stresses
Bottom drag is of course only one of several factors influencing the balance of alongshore momentum in the coastal zone. A more complete evaluation of forcing terms would include bottom, lateral, and surface stresses, acceleration, an alongshore pressure gradient, as well as buoyancy, rotational, and wave-driven effects. Characterizing the CBL with this level of detail is beyond the scope of the present study, as the requisite data are not available. However, we can focus on those terms that should be most important to the general case of alongshore momentum balance in the CBL.
The conceptual model of the CBL is a well-mixed, quasi-steady, alongshore-uniform sheared flow within the order of a kilometer from shore, remote from major topographic features and their associated flow disruptions. Rotational, buoyancy, and acceleration terms are assumed to be negligible. Wave effects are also neglected given that wave-driven components of alongshore movement outside the surf zone are typically much smaller than those attributed to wind and alongshore pressure gradients (Lentz & Fewings 2012 ). The CBL is bounded some distance offshore by a 'free stream' alongshore flow forced by an along shore pressure gradient and surface wind stress. Within the CBL, water is subject to the drag of the coast and bottom in addition to pressure and wind forcing. Additional momentum transfer occurs through lateral mixing across the sheared alongshore flow. This representation of the CBL, as well as its logarithmic form, are not expected to hold in or very near the surf zone where wave forcing is significant; indeed, one may interpret y 0 as the width of the nearshore zone dominated by other phenomena (with the scale of wave-driven and/or topographic features) and thus is excluded from this simplified momentum balance.
Within the logarithmic region of the CBL, the steady alongshore momentum balance can be modeled as the sum of the alongshore pressure gradient, surface wind stress, bottom stress, and lateral stress divergence, terms which have been shown to contribute to the momentum balance over the inner shelf (Lentz et al. 1999 , Kirincich & Barth 2009 , Lentz & Fewings 2012 ):
where is the alongshore pressure gradient, τ s is the surface wind stress, and τ b is the bottom stress. The final term of Eq. (8) is the depth-averaged lateral stress divergence and represents the cross-shore gradient of the cross-shore flux of alongshore momentum, where lateral stress is the time-averaged product of the alongshore and cross-shore velocity fluctuations (u' and v', respectively). Al though the divergence term is rarely measured and therefore difficult to parameterize, it can be estimated from the other terms in the momentum balance:
where the quantity y tan α has now replaced h to account for the sloping seabed and to convert depth to distance from shore. In practice, the lateral stress divergence is often small enough to be omitted from the alongshore momentum balance (e.g. Lentz & Winant 1986 ). It is important to note, however, that while the divergence may indeed be small and thereby imply a near-constant lateral stress, this stress could potentially be large. The existence of a finite lateral stress would contribute substantially to the establishment of observed patterns of velocity within the CBL, much as it does in traditional boundary layers where τ ≠ 0.
Reconciling the logarithmic profile
The momentum balance described by Eqs. (8) & (9) is more complex than that underlying a standard, 1-dimensional logarithmic boundary layer. Yet, the CBL appears to adhere surprisingly well to the logarithmic functional form. Although the origins of this correspondence are not clear, and cannot fully be evaluated given data limitations, we offer a tentative analysis as a preliminary exploration of CBL structure.
Two linked factors are responsible for the logarithmic character of 1-dimensional turbulent boundary layers: constant cross-shore transfer of alongshore momentum (i.e. constant lateral stress) and a lateral mixing profile, or eddy viscosity, that increases linearly with distance from the boundary. Neither of these features is likely to hold exactly in the CBL case. On the other hand, it is possible that the complicated form of Eq. (9) reduces -at least approximately -to a simpler relationship once values for various terms are incorporated into the momentum balance.
To begin to evaluate this possibility, we conduct a rough evaluation of Eq. (9) across a range of distances from shore, y. As it is not possible to accurately quantify the full suite of forcing terms at all locations at all of our sites, we focus on an exemplar site (Terrace Point) where we have the best data and CBL assumptions are most defendable. We acknowledge that this is a site-specific analysis, which reduces the generality of any conclusions, but use it as an illustration and by virtue of a common pattern suggest that common dynamics are found at other sites. We assume an alongshore pressure gradient and wind stress that are constant with distance from shore. Based on published descriptions of nearshore dynamics off the coast of California (Hickey et al. 2003) , we employ a typical value of 1 × 10 −4 Pa m −1 for a week-long average pressure gradient, and estimate alongshore surface wind stress from wind data collected just onshore of the ADCP transect at Terrace Point using a quadratic drag law (Large & Pond 1981) , which yields a week-long average wind stress of 1.42 × 10 −2 Pa. Bottom stress is estimated from τ b (y) = ρrcU, where r is a linear drag coefficient (5 × 10 −4
; Lentz & Winant 1986) and cU is an estimate of the average bottom velocity, computed by multiplying the depth-averaged current velocity by the slope, c, of the linear regression between depth-averaged and bottom velocities (c = 0.2 for Terrace Point).
Of particular interest is whether lateral stress in the CBL is approximately constant across its width, as in a traditional logarithmic boundary layer, or whether it increases or decreases toward the shore. Recognizing that defines the lateral stress, τ lat , and using U from Eq. (2), Eq. (9) can be integrated to yield (see Appendix 2): (10) where D is an integration constant that can be estimated from data of previous studies. Drifter deployments in northern California (Davis 1985) indicate that declines toward the coast, reaching a value of 4 Pa at 1600 m from shore. Kirincich & Barth (2009) present a stress divergence value of 0.1 × 10 −5 m s −2 at a distance of 1000 m over a week-long period, suggesting a lateral stress of the order of 1 Pa. We there-
fore develop an order of magnitude estimate of D by solving Eq. (10) with lateral stress set to 1 Pa at a distance of y 0 = 225 m from shore, yielding D = −3.11.
With D and thus the complete expression of Eq. (10) in hand, we can then examine the shape of the lateral stress profile as a function of distance from shore.
Over the outer 80% of the CBL, which is the domain spanned by the logarithmic portion of the CBL, the lateral stress increases relatively slowly given the baseline parameter values from Terrace Point (Fig. 8,  left axis) . This pattern also holds across a substantially broader range of forcing conditions (Fig. 9) . Ratios of maximum to minimum stress in the outer 80% of the CBL fall between 0.8 and 1.5, and cross-shore gradients in lateral stress are near zero, for all decreased pressure gradients as well as for pressure gradients increased by over 350% (Fig. 9A,D) . Lateral stress profiles also remain similarly flat for wind stress adjustments as large as + 35 or −15% (Fig. 9B,E) , and for changes to the bottom drag coefficient as substantial as + 280 or −40% (Fig. 9C,F) . Importantly, the lateral stress across this spectrum of forcing conditions is never the smallest of the terms within Eq. (10), although the divergence in stress is close to zero.
Estimates of horizontal eddy viscosity
In the traditional derivation of a logarithmic boundary layer, a uniform lateral stress is accompanied by a linear eddy viscosity. Although limitations of the eddy viscosity concept for representing mixing are Fig. 9 . Evaluation of the sensitivity of the cross-shore pattern of lateral stress to alternative forcing conditions. Ratio of offshore to inshore lateral stress observed in the outer 80% of the coastal boundary layer (CBL), as a function of (A) alongshore pressure gradient, (B) wind stress, or (C) bottom drag coefficient. Over substantial ranges of forcing conditions, values of this ratio fall between 0.8 and 1.5, as indicated by the dashed lines. Corresponding slopes of the lateral stress profiles (D-F) as a function of the same ranges in forcing. The cross-shore gradients in stress are universally near zero well known, it is a commonly used and convenient construct for describing horizontal dispersion of larvae or other biological particles (Jackson & Strathmann 1981 , Largier 2003 . We therefore rely on it here for our rudimentary scaling analysis of the CBL, and proceed to explore whether it approximates a linear dependence on distance from the shore. Building on our evaluation of the lateral stress, we note the definitional expression (analogous to Eq. 6) that relates lateral stress, eddy viscosity and the CBL velocity gradient: (11) From our field data, we know that velocities in crease according to the logarithmic form described by Eq. (2), the derivative of which is:
The latter expression can be inserted into Eq. (11). The combination of Eqs. (11) & (12) can in turn be merged with Eq. (10) to produce an explicit expression for the eddy viscosity profile in the CBL:
Although the nature of the dependence of K y on distance from shore is not immediately apparent by inspection, a plot of Eq. (13) using the forcing parameters identified for Terrace Point indicates that K y follows a roughly linear trajectory (Fig. 8, right axis) . This trend is also robust to variation in forcing. Conducting the same sensitivity analysis employed for the lateral stress (i.e. pressure gradient increased by + 350%, wind stress altered + 35 or −15%, and drag coefficient changed + 280 or −40%) reveals only modest deviations from linear. Indeed, least squares parameter fits of the simple expression K y (y) = ay d to plots of Eq. (13) Similar to the slopes of the viscosity profiles, values of K y computed from Eq. (13) (Fig. 8) , which is modestly larger than, but of the same order of magnitude as, the empirical measurements.
Implications of the CBL for dispersal
The well-defined structure of the CBL -including both its logarithmic velocity gradient and near-linear eddy viscosity profile -will substantially alter predicted dispersal distributions for larvae, algal spores, and/or other commodities suspended in the water column. We assume that diffusion of larvae and spores operates akin to diffusion of momentum, and therefore use our values of eddy viscosity to represent eddy diffusivity, a quantity more properly identified with mixing of water-borne material. We illustrate CBL consequences through the use of a 2-dimensional random-walk dispersal model (White et al. 2010b) . We track simulated larvae considering 3 model cases. The base case represents the absence of a CBL, as in contemporary ecological models, by employing a spatially invariant alongshore velocity and a spatially invariant horizontal eddy diffusivity (U = 0.075 m s ). The second case retains the same invariant eddy diffusivity, but introduces weaker nearshore velocities represented by a logarithmic velocity profile typical of a CBL, using U *CBL and y 0 parameters from Terrace Point. These parameters result in a velocity of 0.075 m s −1 at the outer edge of the CBL (y = 1100 m). The final case combines the logarithmic CBL profile from Terrace Point with reduced mixing nearshore, represented by the eddy diffusivity profile from this site (K y = 5.92 × 10 −3 y 1.26 , which reaches 40 m 2 s −1 at the edge of the CBL).
In conducting these simulations, larvae were released at a distance y 0 = 225 m from the shore, to model a shallow subtidal organism spawning near the outside edge of the surf zone. Most marine larvae 
are developmentally incapable of settling for some time after release, during a period typically termed a 'precompetency window.' After passing through this window, they then enter a 'competency window' of similar duration (Jackson & Strathmann 1981 , Gaylord & Gaines 2000 , during which they can settle if they encounter suitable habitat. Simulations were conducted with precompetency and competency windows set to 5 d to mimic species with brief pelagic larval durations, such as the red abalone Haliotis rufescens of the west coast of North America (Haaker et al. 2001) . Settling larvae were counted as those that returned to within 225 m from shore during the competency window. While behavioral capabilities (e.g. vertical positioning or horizontal swimming) can clearly influence the dispersal of some larvae (Leis 2006 , Shanks & Shearman 2009 , Morgan & Fisher 2010 , the goal of this model was to illustrate the potential impacts of velocity gradients alone on dispersal outcomes, and we treat larvae as passive particles.
Results of the simulations indicate strong potential effects of the CBL on larval dispersal. The incorporation of a logarithmic velocity profile and spatially variable eddy diffusivity decreased predicted mean transport by 10%, from 40 to 36 km (Fig. 10) and caused a 10% increase in the standard deviation of transport distance. These effects arose because slowed nearshore velocities reduce net displacement, while slowed mixing across the velocity gradient broadens the alongshore distribution through enhanced shear dispersion, causing larvae to be advected at different rates downstream depending on their cross-shore position.
Perhaps even more important are predicted effects of the CBL on settlement and self-replenishment, the latter defined here as the proportion of settling propagules returning to within 10 km of the source site. Incorporating a CBL velocity gradient and a linearly increasing eddy diffusivity resulted in an 18% decrease in total settlement but a 1000% increase in self-replenishment. These effects arose because as diffusivities decrease closer to shore, horizontal mixing motions become smaller and the return to suitable habitat takes longer, which makes it more difficult for larvae to be mixed back toward shoreline habitat. In addition, a small diffusivity near the shore results in some larvae remaining very close to their site of origin (see distances of −10 to 10 km in Fig. 10 ).
Slower flows near the coast, and the resultant decrease in alongshore transport, likely add to a suite of physical processes affecting dispersal and recruitment. Although other mechanisms for the local return of dispersers have been invoked previously (as in the case of headland or island wakes; e.g. Wing et al. 1995 , Graham & Largier 1997 , Swearer et al. 1999 , most are location-or time-specific. By contrast, the CBL structure described here is expected to be ubiquitous, deriving from unavoidable velocity shear near the coast. Consequences of the CBL may also be non-trivial, given its strong effects on the degree to which populations could self-seed. Indeed, the CBL may result in substantially tighter coupling between local production and recruitment, even in the absence of other identifiable agents of retention, or potentially in synergy with them (e.g. Sponaugle et al. 2002) . Thus, although larval behavior has routinely been invoked as a key element increasing the return of larvae to their sites of origin, and is surely important, a potentially equally important factor valid also for passive or near-passive larvae is the retention of organisms in slower flows in the inner portion of the CBL. Nearshore flow rates have already been shown empirically to affect recruitment rates of coastal marine invertebrates, with higher recruitment arising in cases of long residence times of water masses (Gaines & Bertness 1992) . The present ). Case 2 (dashed line) incorporates the logarithmic velocity profile similar to that at Terrace Point but retains the constant eddy diffusivity. Case 3 (solid dark line) incorporates a full CBL, with both a logarithmic velocity gradient and linearly increasing eddy diffusivity, using parameter values similar to those observed at Terrace Point. Lines are fits through histograms partitioned into 1 km bins study reiterates the well-recognized connection between coastal processes and population dynamics of shoreline organisms. There is also strong potential for interaction of larval behavior with the CBL. Although our modeling efforts focus exclusively on physical processes in dispersal and do not address behavior in any detail, the capacity for larval swimming to influence transport is well recognized. Efforts to merge behavioral models with higher-resolution representations of nearshore currents could therefore provide valuable insights in future studies.
Application of the CBL to circulation studies
Most circulation-resolving dispersal models do not account for small-scale spatial variations in velocity and mixing near to the coast, even though these variations may be of first-order importance for populations that spawn and recruit along the shoreline or in the nearshore habitats. However, incorporating more realistic nearshore flow properties in models for dispersal and population dynamics, even in simple advection-diffusion approaches, can change predictions appreciably (Aiken et al. 2007 , White et al. 2010a . In addition, existing numerical circulation models use a variety of boundary conditions (e.g. noslip or free slip; Aiken et al. 2007 , Mitarai et al. 2009 ). The CBL pattern described here may provide more explicit rationale for certain choices. It may also facilitate interpolation of remote-sensing data to shore (e.g. high-frequency radar maps of surface currents, e.g. Kaplan & Largier 2006) , closing an important information gap in existing dispersal models that are increasingly used to estimate population connectivity. Our statements concerning such efforts are not intended, of course, to imply that they are straightforward. Results presented above emerge from a 2-dimensional approach to understanding nearshore transport, and therefore represent only a first step at describing the general flow structure within the CBL. Significant hurdles remain, particularly in cases where effects of larval behavior and/or vertical variation in currents are factors of interest.
Further considerations for the CBL
Although our coastal velocity profiles were all quantified during the summer season, making extrapolation to other times of year difficult, we expect the most basic elements of the CBL to apply quite generally. Offshore velocities may change in response to season (e.g. the strength of the offshore California Current), but velocities inshore will still be influenced by the frictional effects of the shore. Such a link is clearly evident in the longer record at Huntington Beach, which included changes in the direction of shelf-scale flow, but which was also characterized consistently by a robust CBL.
The level of nearshore flow attenuation described here may be a conservative estimate in certain circumstances, due to the potential for coastal currents to interact with more pronounced drag elements like elevated reefs or dense vegetation. All our instruments were deliberately placed away from such elements, but their effects can be large. For example, alongshore velocities within kelp forests may be as low as 50% of speeds outside (Jackson & Winant 1983 , Gaylord et al. 2007 ). Seagrass beds and mangroves are likely to have similar effects (e.g. Fonseca et al. 1982) . Even in the absence of such additional flow attenuation, coastal boundary layers have clear potential to reduce alongshore transport of larvae, spores, and other suspended materials. Although these and other complexities of the coastal ocean do not lend themselves to simultaneously simple and complete representations, the straightforward parameterizations identified here provide a useful construct for conceptualizing and predicting consequences of nearshore velocity structure. 
Solving for the lateral stress divergence yields:
This equation is rearranged to consider stress divergence as a function of distance from shore, rather than depth, by setting h = y tan α:
where α is the bathymetric slope. 
Lateral stress, τ lat , is equal to :
Bottom stress is estimated following a linear drag law:
where r is a linear drag coefficient, U is depth-averaged velocity, and c is a conversion factor between depth-averaged and bottom velocity, determined from a linear regression of depthaveraged velocity against bottom velocity from velocity records.
In the coastal boundary layer, velocity increases logarithmically with distance from shore: 
The alongshore pressure gradient and wind stress remain constant with distance from shore.
Integrating Eq. (A19) gives the function for lateral stress as a function of distance from shore:
where D is an integration constant.
Lateral stress is related to eddy viscosity, K y , by the following expression:
Rearranging to solve for K y yields:
The velocity gradient, , is equal to the derivative of the depth-averaged velocity profile, Eq. 
